tionally favored in cases where F box proteins them- has provided an attractive model, much of the detailed the E3 activities of the cullin-dependent ligases have mechanisms involved remain unclear and untested. been attributed to the disruption of the dynamic neddyHere we report the 3.1 Å resolution structure of a lation and deneddylation cycles of cullins (Cope and ternary complex of Cand1, Cul1, and Roc1 (Table 1) obtain a complete picture of how Cand1 regulates SCF Recent identification of an SCF inhibitor, Cand1/ assembly, we have cocrystallized all three proteins in TIP120A, has shed light on how the assembly and disastheir full-length forms, with a molecular weight of 120 sembly of the SCF and other cullin E3 complexes might kDa, 85 kDa, and 12 kDa, respectively. Together with be regulated and how the Nedd8 modification cycle biochemical analyses, the structural results not only might be involved in these processes. In searching for help elucidate how Cand1 binds to the Cul1-Roc1 core cullin-interacting proteins, several independent studies and inhibits the assembly of the E3 complex, but also have isolated a 120 kDa protein named Cand1 (formerly provide structural insights into the mechanisms by identified as a TBP-interacting polypeptide, TIP120A), which Nedd8 and possibly an unknown cellular factor which can form a tight complex simultaneously with Cul1 revert the inhibitory effect of Cand1 and promote the and 1A and 3) . surface residues of Cul1 is the most important determiThe Cand1 C-terminal arch holds the Cul1 NTD by nant for its association with Cand1. Except the residues interacting with its first two cullin repeats ( Figure 3A) .
forming the Cand1-interacting surface cleft on the Cul1 The concave surface of the Cand1 arch, formed by the CTD, most, if not all, Cul1 residues involved in Cand1 B helices of HEAT repeats 23 to 27, interacts mainly with binding are conserved in neither Cul1 orthologs nor Cul1 Cul1's second cullin repeat, whereas two noncanonical paralogs. Yet the overall sequence conservation and the Cand1 HEAT repeats, namely repeats 25 and 27, make similarity of the predicted secondary structures indicate additional contacts with Cul1's first repeat with their that all cullins should share a common overall structure uncommon structural elements projecting out from the tein's twenty-fifth HEAT repeat. In an in vitro pull-down target site for developing drugs to inhibit the SCF E3 activity. assay, the Cul1-Roc1 core in complex with this Cand1 mutant, but not the wild-type Cand1, retains its ability to recruit a complex of Skp1-F box Skp2 ( Figure 4E ). This Interaction between Cand1 and the Cul1 Neddylation Site same Cand1 mutant, but not the wild-type protein, can also be coimmunoprecipitated with Skp1 in cotransOne of the highlights of the intermolecular interactions in the tertiary complex centers around the first two fected cells (Supplemental Figure S5 on the Cell website). The surprisingly small fraction of the Skp1-Cul1 N-terminal HEAT repeats of Cand1. As shown in Figure  5A , the apical ridge and the nearby concave surface of interface directly disrupted by Cand1 suggests that a small molecule with a high affinity to Cul1 might be these two Cand1 repeats fit snugly into a surface cleft formed by the WH-B and 4HB domains of Cul1 and the able to effectively perturb the Skp1-Cul1 interactions by imposing similar local steric hindrance. The Cand1 ␤ RING domain of Roc1. Distinct from the rather loose contacts between the Cul1 CTD and the rest of the hairpin interacting site on Cul1, including the hydrophobic surface groove accommodating the Cand1 Met1068
Cand1 N-terminal arch, the extensive interface at this site is characterized by a mixture of hydrophobic interresidue ( Figure 4B) , therefore, represents a potential actions, intermolecular salt bridges, and hydrogen bonds, most of which are formed by residues that are highly conserved in all three proteins. In fact, two interacting structural motifs in this region, namely, the first HEAT repeat of Cand1 and the WH-B domain of Cul1, represent one of the most conserved regions of both proteins (Figures 3C and 5A) .
The same surface cleft of the Cul1-Roc1 core has been previously noticed not only for its unique surface features but also for the presence of the Cul1 neddylation site, Lys720, on one side of its rim ( Figure 5A; Zheng  et al., 2002b) . In the absence of Cand1, Lys720 is completely exposed to the solvent, facing to the center of the cleft. Upon Cand1 binding, Lys720 becomes closely associated with the first HEAT repeat of Cand1 ( Figures  5A and 5B) . Specifically, this Cul1 lysine residue forms a tridentate interaction with two strictly conserved and negatively charged Cand1 residues, Asp19 and Asp21, and a conserved Cul1 residue, Tyr776. Its aliphatic side chain is further buttressed by two aromatic residues, one from Cul1 (Tyr776) and the other from Cand1 (Phe22) ( Figure 5B ). Overall, Cul1 Lys720 becomes mostly buried in the presence of Cand1, with only less than a quarter of its accessible surface exposed to the solvent (Figure 5C) .
The , 2002) . First, the equilibrium between the free and Cand1 bound states of the Cul1-Roc1 core might allow the Nedd8 E2 to access the Cul1 neddylation excess Nedd8 E2 did not yield any detectable neddylated Cul1, suggesting that the Nedd8 E2 itself is unable to remodel Cand1-Cul1 to uncover the Cul1 Lys720 residue. Although Skp1 can hardly compete with Cand1 for Cul1 binding (Supplemental Figure S6 on the Cell website), we further tested whether Skp1 together with the Nedd8 E2 can decouple the Cand1-Cul1 complex. Again, little Cul1 neddylation was detected when excess Skp1-F box Skp2 complex and the E2 were included in the reaction ( Figure 6B) . These results implicate that in the presence of Cand1, Cul1's Lys720 residue remains inaccessible to the Nedd8 E2 unless some other cellular factor(s) help remodel the Cand1-Cul1 complex. Intriguingly, our previous studies have shown that adding the neddylation enzymatic system to the Cand1-Cul1 complex immunoprecipitated from mammalian cell lysate could in fact lead to neddylation and release of a significant amount of the SCF scaffold from Cand1 (Liu et al., 2002), suggesting that an unknown cellular factor(s), which can mediate the opening of the Cand1-Cul1 complex and the attachment of Nedd8 to Cul1, might have been copurified with the immunoprecipitated Cand1- participates in regulating the assembly and disassembly of the SCF ubiquitin ligase complex. Adopting a highly sinuous superhelical structure, Cand1 forms a tight comsite. Second, the Nedd8 E2 itself might be able to induce plex with the SCF Cul1-Roc1 catalytic core by wrapping conformational changes of Cand1 or Cul1 to expose the around the elongated scaffold protein Cul1. Through an Cul1 Lys720 residue. Third, other cellular factors might unusual ␤ hairpin projection, Cand1 occupies part of the be able to partially or fully dissociate Cand1 from Cul1-Skp1 binding site on Cul1 and blocks further assembly of Roc1 to facilitate Cul1 neddylation. To further investithe multisubunit E3. As the critical interactions between gate how Cul1 neddylation occurs to antagonize the Cand1 and Cul1 involve the Cul1 neddylation site, covainhibitory effect of Cand1 on SCF assembly, we set up lent attachment of Nedd8 to Cul1 is able to effectively an in vitro system, in which the Nedd8 modification of inhibit Cand1 binding by steric hindrance. How the Cul1 was reconstituted with all the reaction compoNedd8 E2 gains access to the Cul1 neddylation site, nents, including Cul1, Roc1, the Nedd8 E1, the Nedd8 which is mostly buried in the Cand1-Cul1-Roc1 com-E2, Nedd8, and Cand1, overexpressed and purified from plex, remains to be clarified. E. coli. In the absence of Cand1, Cul1 in the Cul1-Roc1 core was readily modified by the neddylation system with minimal amounts of the Nedd8 E1 and E2 added tions. As Figure 6B shows, addition of up to ten-fold 
